In an investigation to determine how proteins are localized within the nucleus of a cell, we demonstrate that the restriction endonuclease EcoRI is able to enter and function within the nucleus of Saccharomyces cerevisiae when this prokaryotic protein is synthesized in vivo. The EcoRI endonuclease was produced in yeast under the transcriptional control of a regulated yeast promoter by ligating a DNA fragment containing only coding sequences for the endonuclease to the promoter element of the yeast GAL) gene (the structural gene for galactokinase, EC 2.7.1.6). Yeast cells harboring a plasmid containing this promoter-gene fusion are able to grow under conditions that repress transcription from the GALI promoter. However, under inducing conditions, these yeast cells are unable to grow. Moreover, rad52 mutants, which are deficient in the repair of double-strand breaks, are more sensitive to the presence of the promoter-gene fusion plasmid than are wildtype cells. We demonstrate that the EcoRI endonuclease activity is present in lysates prepared from yeast transformants grown under conditions that induce transcription of GAL), but this activity is not detectable in cells grown under conditions that repress transcription from the promoter. Furthermore, analysis of yeast chromosomal DNA shows that the endonuclease enters the yeast nucleus and cleaves DNA specifically at EcoRI recognition sites.
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Since eukaryotic cells are organized into a variety of membrane-bound organelles, mechanisms should exist to target individual proteins to their final destination in the correct organelle. The best-understood mechanism for protein targeting is the early steps in the synthesis of secreted proteins.
These proteins possess an amino-terminal leader that functions as a signal directing the insertion of the proteins into the endoplasmic reticulum (1) (2) (3) . In addition to this signal, which is part of the nascent polypeptide, there exists an elaborate mechanism in cells for transporting secreted proteins from the endoplasmic reticulum to the outside of the cell (4) . In contrast, the mechanism of targeting proteins to the nucleus remains obscure. It is unknown how proteins that reside in the nucleus are moved from the cytoplasm to the nucleus or how these proteins are retained in the nucleus.
One possible route for movement of macromolecules into or out of the nucleus is through the nuclear pores that span the inner and outer nuclear membrane. The pores are complexes of several components whose structure has been resolved for Xenopus (5) . It remains to be determined whether or not the pore impedes or facilitates the transport of macromolecules between the nucleus and cytoplasm.
Various mechanisms have been proposed for the movement of molecules from the cytoplasm to the nucleus. Injection experiments with artificial macromolecules suggest that diffusion could suffice for entry of molecules with an effective radius of 45-59 A (6, 7) . Both nuclear transplantation experiments (8) and injection experiments with proteins (9) have established some correlation between the size of a protein and its ability to enter and accumulate in the nucleus.
Injection experiments by Dingwall et al. (10) using nucleoplasmin, a major nuclear protein of Xenopus, have demonstrated that one portion of the protein contains information directing the entry of the entire protein into the nucleus. Furthermore, injection of specific proteolytic fragments of nucleoplasmin demonstrates that one portion of the molecule will remain in the nucleus once injected but will not specifically migrate into the nucleus if injected into the cytoplasm. This result indicates that the accumulation of particular proteins in the nucleus is not simply a result of differential retention of molecules from a pool of molecules passively diffusing into and out of the nucleus.
However, injection experiments in general have intrinsic technical and conceptual limitations (11) . In addition to the potential for mechanical damage to the cell and to the material being injected, it is unclear whether a mature protein would be localized upon injection into the cytoplasm by the same mechanisms that operate to target that protein when translated in situ.
A genetic approach to the study of nuclear targeting would be feasible if a protein synthesized in vivo were lethal to a cell if, and only if, that protein were transported into the nucleus. By using such a protein, mutants could be selected that are deficient in transporting proteins to the nucleus. We have used Saccharomyces cerevisiae because of its well-developed genetics to begin a genetic analysis of nuclear targeting. In addition, the requirements for transport of macromolecules into the nucleus may be particularly stringent in yeast because the nuclear membrane does not break down in mitosis (12 Enzymes. Enzymes were purchased from commercial sources and used according to suppliers' specifications.
Recombinant DNA. Plasmid DNA was prepared as described (15) . All in vitro DNA manipulations were performed as described (16) . For the gel transfer hybridization experiments, DNA was transferred to nitrocellulose filters (Schleicher & Schuell). Autoradiography used Kodak XAR-5 film and Cronex Lightning Plus intensifying screens at -80TC.
Plasmid Constructions. Plasmids containing the GAL) promoter and the EcoRI structural gene were constructed as diagrammed in Fig. 1 . Plasmid pRK26 containing the entire EcoRI endonuclease-methylase operon (a gift from Rosalind Kim) was cleaved with BamHI and a 2.7-kilobase (kb) fragment was isolated that included all of the endonuclease gene. This fragment was partially cleaved with Hinfl, and a 1.2-kb fragment was isolated that contains the entire endonuclease coding sequence and only 4 base pairs (bp) of the 5' untranslated sequence; less than half of the methylase gene is present. The 5' extensions were made flush with a fill-in reaction using DNA polymerase I Klenow fragment. After addition of BamHI linkers (16) vector consisting of pBR322, the yeast URA3 gene, the ARS1 sequence, the centromere from chromosome IV, and, of particular importance for these experiments, the GAL) promoter from yeast (17, 34 (34) .
Transformation. Yeast were transformed by the procedure of Hinnen et al. (18) except that spheroplasts were prepared with lyticase (19), a gift from the Schekman lab. E. coli were transformed as described in Davis et al. (15) .
Growth Conditions for Galactose Induction. Single colonies were inoculated into YM medium supplemented with glucose and grown to an A600 = 0.7. Cells were harvested, washed once in YM medium with no carbon source, and resuspended in either YM galactose (for shifting from repressing to inducing conditions) or YM glycerol medium (for shifting from nonrepressing to inducing conditions). In the latter experiments, the cells were grown until the cell density doubled in glycerol medium and then were harvested, washed, and resuspended in YM galactose medium as described.
Ec6RI Endonuclease Assay in Cell Lysates. Ten milliliters of galactose-induced cells were lihrvested (A600 = 1.5-2.0).
All subsequent manipulations were at 0C. Cells were resuspended in 100 j1 of 100 mM NaCl/50 mM Tris, pH 7.4/10 mM MgSO4/1 mg of bovine serum albumin per ml/1 mM phenylmethylsulfonyl fluoride/2 pg of chymostatin per ml/5 mM p-aminobenzamidine acid. Glass beads (100 mg, 0.5 mm) were added to each suspension, and the suspensions were mixed in a Vortex until lysis was complete as judged by light microscopy. Cell debris was pelleted, 50-or 100-J4 aliquots of the cell supernatants were mixed with 1 gg of X cI857S7 DNA, and the reaction mixtures were incubated at 37TC. After 1 hr, 5 04 of 0.5 M EDTA was added to each reaction, and the entire reaction was loaded onto a 1% agarose gel and subjected to electrophoresis in the presence of 0.5 pg of ethidium bromide per ml. Analysis of Nuclear DNA after Galactose Induction. Ten milliliters of galactose-induced cultures was used to isolate DNA. Spheroplasts were lysed by resuspension in 17 mM EDTA, pH 8.5/0.07% NaDodSO4/67% phenol. Cell debris was removed by centrifugation, and DNA was recovered from the supernatant fraction by precipitation with ethanol. To control for possible DNA digestion in vitro during the lysis step, 20 units of EcoRI endonuclease was added to the EDTA/NaDodSO4 solution before lysis of cells containing the YCpGal:HIS3 plasmid. The isolated DNA was analyzed by gel transfer hybridization experiments.
Analysis of Mitochondrial Function. Yeast cells containing the plasmids were grown in YM glucose medium and induced in YM galactose medium for 10 hr. Aliquots were then plated onto YP glucose plates. After 2 days at 30'C, the resulting single colonies were replica-plated onto YP glycerol plates for evaluation.
RESULTS
A priori one cannot predict whether production of EcoRI endonuclease in yeast would affect cell growth. In order to control for this possibility, we constructed a promoter-gene fusion between the coding sequences for the EcoRI endonuclease (20, 21) and the promoter element of the yeast GAL] gene (34) . This promoter is ideal, as transcription from the promoter is induced by galactose and occurs at a very low level or not at all in media containing noninducing carbon sources such as glycerol. In addition, GAL] is also subject to glucose repression: no transcription is detectable from this promoter in cells grown in glucose (22) . Furthermore, expression from this promoter is absolutely dependent upon the presence of functional GALA protein, a positive regulator of transcription (23, 24, 17) .
The general outline of this construction is shown in Fig. 1 (Fig. 4) . Spheroplasts were prepared from induced and uninduced cultures, each containing YCpGal:RIa or YCpGal:RIb or YCpGal:HIS3. The spheroplasts were osmotically lysed. DNA was purified from the lysate, subjected to agarose gel electrophoresis, transferred to nitrocellulose, and hybridized to radiolabeled YRp7 DNA. YRp7 contains all of pBR322 sequences and, therefore, is homologous to all three plasmids used in these experiments. In addition, YRp7 was used as a probe because it also contains a fragment of genomic DNA bounded by EcoRI sites that contains the yeast TRPI gene (25) . Therefore, this hybridization probe can be used to measure the rod52-cells RAD52*cells Plasmid DNA from all uninduced cells (Fig. 4, 0 Active EcoRI endonuclease synthesized in vivo is capable of entering the yeast nucleus and killing the cell. Death results from the action of the endonuclease on nuclear genes.
This conclusion is derived from the following facts: (i) upon induction, active endonuclease is present in cells; (ii) the kinetics of killing is consistent with the kinetics of induction of the GAL) promoter; (ii) rad52 mutants are much more sensitive to killing by the endonuclease than are RAD52 cells; and (iv) nuclear DNA is digested at EcoRP sites and only at EcoRI sites. Plasmids lacking EcoRI sites remain supercoiled, indicating the absence of EcoPJ* activity (31) .
The entry of the endonuclease into the nucleus has interesting implications for the mechanism(s) by which authentic nuclear proteins enter the nucleus. EcoRP endonuclease is a prokaryotic enzyme. Since bacteria lack nuclei, it is unlikely that the endonuclease contains a specific signal to direct its transport to the yeast nucleus. Therefore, it seems plausible that the endonuclease may enter the nucleus through the nuclear pore. The functional radius of the nuclear pore has been measured to be 45-55 A (6, 7). In principle, this size is sufficient to allow passage of spherical proteins as large as 50-60 kUa. EcoPJ endonuclease is active as a dimer of 62 kDa and may be able to pass through the pore without the aid of any specific transport apparatus. The results imply that, for some nuclear proteins, there may be no requirement for a specific mechanism to assure entry of a protein into the nucleus. However, for proteins larger than the diameter of the pore or for those proteins that must be concentrated against a gradient, specific mechanisms may exist. It will be interesting to determine if mutations that block entry of the endonuclease into the nucleus (perhaps nuclear pore mutants) also block the entry of authentic nuclear proteins. If fusion proteins can be made between nuclear proteins and EcoRI endonuclease that retain endonucleolytic activity, it may be possible to select mutations that inactivate any signal for nuclear targeting that may be present in the protein. This approach may be feasible, as we have recently demonstrated that at least 11 amino acids can be added to the amino terminus of EcoPJ endonuclease with no loss of EcoRP activity (unpublished data).
The radS2 mutant was isolated by virtue of its sensitivity to ionizing radiation (28) . Ionizing radiation, in addition to causing breaks in DNA, also generates free radicals as it passes through aqueous environments (32), thus complicating an interpretation of the properties of the mutant. The differential sensitivity of radS2 and RAD52 cells to induction of YCpGal:RIa extends previous work (33, 30) that indicate that the radiation-induced lethality in radS2 mutants is due to DNA damage per se and is not an indirect consequence of secondary effects of ionizing radiation.
